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Sideroxol, a kaurene diterpene, was obtained from the acetone extract of Sideritis stricta plant. The 
ground-state molecular geometry, vibrational frequencies, and NMR chemical shifts were also 
investigated by using various density functional theories and Pople basis sets. The computed 
geometries are in good conformity with the experimental data. The comparison between theory and 
experiments indicates that B3LYP and M06 methods with the 6-31G(d) basis set are able to provide 
satisfactory results for predicting vibrational and NMR properties. There seems to be no significant 
effect of addition of diffuse and polarization functions in the basis set used herein. 
________________________________________________________________________________ 
Introduction 
The genus Sideritis belongs to the 
Labiateae family, which incorporates a wide 
variety of plants with biological and medical 
applications [1,2]. This genus comprises more 
than 150 perennial and annual vegetal species 
widely distributed in the Mediterranean area [3]. 
Sideritis species are widespread used against 
gastrointestinal disorders, such as stomachache, 
indigestion and flatulence, to alleviate the 
symptoms of common colds including fever, flu, 
sore throat, and bronchitis as well as a tonic and 
diuretic remedy [4-6]. The chemical components 
found in Sideritis genus include terpenes, 
diterpenes, flavonoids, essential oil, iridoids, 
coumarins, lignanes and sterols [7]. Particularly, 
diterpenoids are the largest and most widespread 
class of secondary metabolites isolated from 
dichloromethane and acetone extracts of 
medicinal plants [8]. 
Sideroxol (ent-7α.18-dihydroxy-
15β.16β-epoxykaurane, Figure 1), a kaurene 
diterpenoid, is an important compound that has 
many derivatives with a wide range of interesting 
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properties, such as antifeedant, antioxidant, 
anticholinesterase, antibacterial and antifungal 
activities [9,10]. It can be isolated from Sideritis 
arguta, S. leptoclada, S. gulendami, S. rubiflora, 


















Figure 1. Structure and atom numbering scheme of 
sideroxol 
 
In recent years, Density Functional 
Theory (DFT) methods have been increasingly 
applied to representative biological active 
compounds aiming to elucidate their molecular 
structures and electronic properties, thus 
contributing to the recognition of structure 
activity relationships and to the understanding of 
the properties and behavior of the system [13-
16]. Especially DFT has become the dominant 
computational method for dealing with organic 
molecules isolated from plants [17,18]. 
Vibrational analyses of organic 
molecules extracted from aromatic and medicinal 
plants are necessary to ensure detailed 
information about their geometrical, vibrational 
and electronic properties [19,20]. To the best of 
our knowledge no theoretical calculations of 
sideroxol have been reported so far. It may be due 
to difficulties in interpreting the computational 
results because of their complexity and low 
symmetry. Hence, we wish to report the optimal 
geometry and the detailed vibrational spectrum 
of sideroxol with the help of theoretical and 
experimental techniques. Moreover, the gauge-
including atomic orbital (GIAO) 1H and 13C 
chemical shift computations have been analyzed 
using various DFT methods. The spectroscopic 
constants obtained by DFT calculations have 




Materials and Instruments 
Unless otherwise specified, solvents and 
chemicals purchased from Merck Company were 
used as received without further purification. The 
FTIR spectrum of sideroxol was recorded using 
IR grade KBr disks on a Perkin–Elmer 1600 
Series FT-IR spectrophotometer. Pellets were 
scanned at 4.0 cm−1 resolution in the spectral 
range of 4000–400 cm–1 at room temperature. 
1H- and 13C-NMR spectra were obtained in 
CDCl3 by using Varian 500 MHz NMR 
spectrometer. 
Plant material 
Sideroxol (C20H32O3) was isolated from 
Sideritis stricta Boiss. & Heldr. (Lamiaceae),  
collected in July 2019 from Termesos National 
Park (Antalya Province. Turkey). The plant was 
identified by Prof. Dr. Tuncay Dirmenci from 
University of Balıkesir, Turkey. 
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Extraction and isolation 
The aerial parts of Sideritis stricta were 
dried at room temperature and (1.5 kg) were 
extracted with acetone at room temperature for 
three days. The resulting solution was distilled 
(40 C) under reduced pressure to give the 
acetone extract (31.8 g). Column adsorption 
chromatography was carried out with silica gel 
60. Column length and diameter were adapted 
according to sample quantity. Elution was started 
with n-hexane and continued with gradients of 
dichloromethane, acetone and methanol. 
Fractions were controlled via Thin Layer 
Chromatography (TLC) techniques, and similar 
fractions were combined. These fractions were 
subjected to further small column 
chromatographies, controlled by TLC again. 
From the acetone extract, sideroxol was isolated. 
The structures of other isolated diterpenoids, 7-
epicandicandiol, linearol, foliol, sideridiol, and 
siderol were confirmed by comparison with 
literature data [11,12].  
 
Theoretical part 
For all the theoretical computations, 
performed by using the GAUSSIAN 09 package 
program [21], gaseous phase conditions have 
been considered at 1 atm pressure and at a 
temperature of 298 K. Initial molecular 
geometry, generated from standard geometrical 
parameters, was minimized without any 
constraint on the potential energy surface at the 
PM3 level. This geometry was then optimized 
again at the B3LYP/6-31+G(d), M06/6-31+G(d), 
mPW1PW91/6-31+G(d), B3LYP/6-31++G(d.p), 
M06/6-31++G(d.p),  and mPW1PW91/6-
31++G(d.p) levels [22]. The obtained structural 
parameters were subjected to the vibrational 
frequency calculations resulting in IR peaks 
together with intensities at the corresponding 
DFT levels. Moreover, the absolute assignments 
of 1H and 13C chemical shift values were 
computed subtracting the isotropic shielding 
tensor (in ppm) of each atom from the 
corresponding DFT/GIAO shielding tensor of 
the reference TMS, which was calculated from 
its optimized geometry at the related level and 
basis set of sideroxol. Vibrational frequency 
assignments and NMR analyses were achieved 
with a high degree of accuracy using the software 
package Gauss View 5.0 and GAUSSIAN 09 
program [21]. 
 
Results and discussion 
Structural analysis 
The geometry optimization is a crucial 
step for the theoretical calculation of IR and 
NMR spectra of sideroxol because the molecular 
parameters are controlled by the geometry of the 
molecule. The optimized structure of sideroxol 
performed at the B3LYP/6-31++G(d.p) level is 
depicted in Figure 2. As usual for flexible 
molecules of this size, a large number of 
conformers will be obtained by using theoretical 
methods. In order to locate the preferred 
conformer of lowest energy for sideroxol, its X-
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ray structural data was modeled, and then 
optimized without any constraints. 
 
 
Figure 2. The optimized structure of sideroxol at the 
B3LYP/6-31++G(d.p) level (The white, red, and grey 
spheres represent hydrogen, oxygen, and carbon atoms, 
respectively). 
 
The optimized geometric parameters 
(bond lengths. bond angles. and dihedral angles) 
are also listed in Table 1. Theoretical data were 
compared with the experimental X-ray structure 
reported by Kilic et al [23]. The theoretical bond 
lengths (C8-C15, C8-C14, and C4-C18) of sideroxol 
are determined to be 1.538, 1.554, and 1.550 Å at 
the B3LYP/6-31++G(d.p), 1.526, 1.542, and 
1.537 Å at the M06/6-31++G(d.p), and 1.528, 
1.544, and 1.541 Å at the mPW1PW91/6-
31++G(d.p) levels. The latter are in much better 
agreement with experimental values of 1.532, 
1.542, and 1.540 Å, respectively. On the other 
hand, M06 levels give poor structural data at the 
calculation of C-O bond lengths. The optimized 
C18-O18, C7-O7, C15-O, and C16-O bond lengths at 
the M06/6-31+G(d) level are computed to be 
1.420, 1.424, 1.425, and 1.432 Å, respectively. In 
addition, the results of M06/6-31++G(d.p) 
method are found to be 1.420, 1.424, 1.425, and 
1.431 Å, which tend to be shorter than the 
experimental values of 1.428, 1.465, 1.467, and 
1.467 Å, respectively. 
The correlation coefficient values (R2) 
between experimental and theoretical bond 
lengths are calculated to be 0.968, 0.960, and 
0.963 for B3LYP, M06, mPW1PW91 methods, 
respectively, with 6-31+G(d) basis set. After the 
addition of polarization and diffuse functions, 
they are calculated to be 0.966, 0.959, and 0.962 
for B3LYP, M06, mPW1PW91 methods, 
respectively, with the 6-31++G(d.p) basis set. It 
can be said that addition of polarization and 
diffuse functions on hydrogen makes no 
appreciable change in structural parameters. 
Various calculated bond angles and dihedral 
angles of sideroxol are also found to be in 
satisfactory agreement with the reported standard 
values. Especially M06 levels give dihedral 
angles in excellent agreement with each other 
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Table 1: Optimized structural parameters (bond length (Å), bond angle and dihedral angle (o)) of sideroxol 
Bond 
length(Å) 
Exp.      B3LYP           M06      mPW1PW91 
  6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 
C18-O18 1.428 1.436 1.436 1.420 1.420 1.424 1.424 
C7-O7 1.465 1.440 1.440 1.424 1.424 1.427 1.427 
C15-O 1.467 1.445 1.446 1.425 1.425 1.432 1.432 
C16-O 1.467 1.451 1.450 1.432 1.431 1.437 1.437 
C16-C17 1.492 1.506 1.506 1.495 1.495 1.499 1.499 
C8-C15 1.532 1.538 1.538 1.526 1.526 1.528 1.528 
C13-C16 1.526 1.533 1.534 1.522 1.522 1.525 1.526 
C4-C18 1.540 1.550 1.550 1.536 1.537 1.541 1.541 
C8-C14 1.542 1.554 1.554 1.542 1.542 1.543 1.544 
C13-C14 1.544 1.542 1.541 1.530 1.530 1.533 1.533 
C15-C16 1.478 1.470 1.470 1.460 1.460 1.465 1.465 
H15-C15 0.955 1.087 1.087 1.092 1.091 1.086 1.086 
C7-H7  1.042 1.099 1.099 1.106 1.105 1.099 1.099 
O18-H 0.988 0.968 0.965 0.965 0.962 0.964 0.961 
C18-H18a 0.940 1.090 1.098 1.104 1.103 1.098 1.098 
C18-H18b 0.976 1.100 1.099 1.105 1.103 1.099 1.099 
R² values - 0.968 0.966 0.960 0.959 0.963 0.962 
Bond angle(o)        
C18-O18-H 117.3 109.8 108.9 109.1 109.1 108.8 108.8 
C7-O7-H 119.5 109.4 109.4 109.4 109.5 109.1 109.2 
H18a-C18-O18 108.95 109.5 109.7 110.3 110.2 109.8 109.9 
H18b-C18-O18 110.4 109.9 110.0 110.1 110.5 110.2 110.3 
H7-C7-O7 109.3 107.9 108.1 108.5 108.6 108.1 108.2 
C15-O-C16 60.47 61.01 61.0 61.46 61.48 61.39 61.41 
C16-C15-O 59.76 59.67 59.64 59.49 59.46 59.47 59.44 
C15-C16-O 59.77 59.31 59.33 59.04 59.05 59.13 59.15 
C17-C16-O 115.1 115.3 115.4 115.6 115.7 115.6 115.7 
C13-C14-C8 100.9 102.2 102.1 102.1 102.1 102.2 102.2 
C14-C13-C16 103.8 102.6 102.6 102.6 102.5 102.5 102.5 
C14-C8-C15 102.3 100.4 100.4 100.6 100.7 100.5 100.5 
C15-C16-C17 125.1 125.6 125.6 125.3 125.3 125.4 125.4 
R² values - 0.980 0.978 0.978 0.978 0.977 0.977 
Dihedral  
angle (o) 
       
C19-C4-C18-O18 -179.8 -167.8 -168.3 -167.9 -168.2 -167.0 -167.4 
C8-C7-O7-H -174.5 -144.8 -146.3 -148.6 -147.8 -140.4 -139.9 
C6-C7-O7-H -61.58 -22.06 -23.64 -26.35 -25.47 -18.06 -17.53 
C14-C8-C15-O 37.82 38.78 38.68 38.78 38.68 38.49 38.36 
C14-C13-C16-O -37.57 -36.89 -36.85 -36.51 -36.5 -36.72 -36.68 
C17-C16-C15-O 100.9 100.8 100.8 101.2 101.2 101.1 101.2 
C8-C15-C16-C17 -153.9 -151.7 -151.7 -151.2 -151.1 -151.4 -151.4 
R² values - 0.980 0.981 0.985 0.984 0.975 0.974 
 
Spectral analysis 
FT-IR spectroscopy is one of the most 
useful tools for identification of the novel 
compounds in terms of both experimental and 
computational studies. Herein, a frequency 
calculation analysis has been performed to obtain 
the spectroscopic signature of the title molecule, 
which belongs to C1 point group symmetry. The 
assignments of the experimental frequencies are 
based on the observed band frequencies in the IR 
FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2021, VOLUME 09, ISSUE 02)  
99 
 
spectrum of this species confirmed by 
establishing “one to one” correlation between 
experiment and theory. In total there are 159 
vibrational normal modes about 52 to 3919 cm-1 
at the DFT levels applied herein. The FT-IR 
experimental and theoretical spectra of sideroxol 
are depicted in Figure 3. The correlation 
between the calculated and experimental spectra 





Figure 3. Experimental (top) and theoretical (bottom) FT-
IR spectra at the B3LYP/6-31+G(d) level. 
 
The main focus of the present 
investigation is the proper assignment of the 
experimental frequencies to the various 
vibrational modes of sideroxol in corroboration 
with the computed harmonic frequencies at 
various DFT levels. Table 2 lists selected and 
detailed description of the assignments of 
vibrational wavenumbers of sideroxol. 
The region between 2800 cm-1 and 3000 
cm-1 contains IR bands originated from C-H 
stretching vibrations [24]. Experimental 
stretching vibrations are observed at 2862 cm-1 
and 2927 cm-1, and corresponds to the calculated 
vibrational wavenumbers located at 2977 cm-1 
and 2978 cm-1. These peaks are related with the 
stretching vibrations of C18H2 and C7H, 
respectively. The symmetrical stretching 
vibrations of methyl groups appear in the region 
between 3021 cm-1 and 3064 cm-1 (C19), 3027cm-
1 and 3071 cm-1 (C17), 3057 cm-1 and 3097 cm-1 
(C20). The asymmetrical stretchings are also 
found theoretically in the regions 3095 cm-1 - 
3187 cm-1 (C19), 3098 cm-1 - 3140 cm-1 (C17), and 
3129 cm-1 - 3167 cm-1 (C20). 
The C-O stretching vibrations are 
expected to be observed around 1200 cm-1 for 
natural diterpene products [25, 26]. The title 
molecule has two CO symmetrical stretching 
vibrations. Experimental CO symmetric 
vibrations of the title molecule are observed at 
1051 cm-1 and 1140 cm-1 for C18O and C7O, 
respectively. The corresponding theoretical 
frequencies are found to be 1061, 1058, 1112, 
1108, 1094, and 1090 cm-1 for C18O, whereas 
those for C7O are 1074, 1070, 1127, 1123, 1101, 
and 1097 cm-1 at the B3LYP, M06, and 
mPW1PW91 with 6-31+G(d) and 6-31++G(d.p) 
basis sets, respectively. Epoxide group (C15-O-
C16) of title molecule displays no easily 
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distinguishable infrared band experimentally. 
However, the medium peaks around 841-912  
cm-1 correspond to epoxide ring vibrations 
observed in the theoretical spectra at DFT levels 
studied herein. 
Table 2. Selected experimental and calculated vibrational wavenumbers and their assignments for sideroxol 
Exp.        B3LYP           M06       mPW1PW91 
Approximate 
description 
 6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p)  
1051.1 1061.4 1058.2 1112.8 1108.7 1094.4 1089.9 C-O stretching (C18) 
1139.9 1074.5 1069.9 1127.5 1122.7 1101.1 1096.7 C-O stretching (C7) 
 1108.7 1081.8 1193.3 1187.3 1186.9 1193.1 C-H wagging (C15) 
1283.8 1310.5 1301.9 1293.4 1220.1 1320.2 1300.6 CH2 twisting (C18) 
1316.3 1328.8 1318.6 1324.3 1308.5 1334.6 1324.8 CH2 wagging (C14) 
1352.4 1350.6 1339.2 1336.6 1326.2 1358.7 1331.8 CH2 wagging (C6) 
1381.0 1383.7 1372.9 1378.6 1369.2 1381.7 1385.4 C-H wagging (C7) 
1415.3 1432.4 1416.7 1417.5 1401.4 1434.6 1416.6 CH3 wagging (C17) 
1454.8 1449.9 1437.4 1435.4 1423.6 1455.5 1443.1 CH2 wagging(C18) 
 1452.1 1436.6 1397.2 1408.7 1420.8 1404.6 CH3 wagging(C20) 
1477.6 1462.8 1455.4 1516.9 1509.5 1487.2 1474.7 
C15-C16 symmet. 
stretching 
 1519.3 1501.5 1488.4 1469.1 1514.3 1496.2 CH3 scissoring (C17) 
 1526.2 1505.9 1493.3 1472.9 1526.4 1504.6 CH3 scissoring (C19) 
 1539.0 1522.6 1503.1 1487.5 1543.9 1527.1 CH2 scissoring (C18) 
1731.6 1545.8 1531.7 1524.6 1503.1 1553.9 1531.1 CH3 scissoring (C20) 
2926.7 3007.7 3001.3 2980.8 2976.7 3030.4 3023.5 
CH2 symmetrical 
stretching (C18) 
2862.6 3013.7 3008.9 2979.8 2978.1 3040.8 3036.8 
C-H symmetrical 
stretching (C7) 
 3038.9 3033.1 3025.2 3021.0 3063.8 3059.9 
CH3 symmetrical 
stretching (C19) 
 3040.9 3037.9 3022.5 3022.7 3068.4 3064.9 
CH2 asymmetrical 
stretching (C18) 
 3041.9 3037.7 3030.2 3027.1 3071.6 3066.6 
CH3 symmetrical 
stretching (C17) 
 3076.4 3069.9 3063.3 3057.9 3097.3 3089.2 
CH3 symmetrical 
stretching (C20) 


















 3098.8 3099.1 3129.4 3131.0 3139.8 3139.5 
CH3 asymmetrical 
stretching (C17) 
 3134.7 3134.2 3141.3 3129.6 3167.0 3165.6 
CH3 asymmetrical 
stretching (C20) 
 3187.5 3181.6 3152.7 3150.9 3213.6 3208.0 
C-H symmetrical 
stretching (C15) 
3447.4 3725.7 3798.3 3802.5 3865.0 3776.9 3845.3 
O-H symmetrical 
stretching (C7) 
3447.4 3769.8 3845.1 3850.4 3919.1 3837.2 3911.7 
O-H symmetrical 
stretching (C18) 
- 0.988 0.983 0.974 0.970 0.979 0.975 R2 values 
 
The O-H vibration occurs generally in 
range 3700-3550 cm-1 [27]. The title compound 
has two OH groups. The DFT theoretical values 
between 3726 cm-1 and 3919 cm-1 are assigned to 
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the OH group vibrations, and the FT-IR band 
observed at 3447 cm-1 in the spectra agrees with 
the experimental value of stretching O-H group 
attached to the C18. 
The ring stretching vibrations are very 
important due to the characteristic nature in the 
IR spectrum. The C-C stretching vibrations of the 
ring usually occur in the range 1625-1400 cm-1. 
The symmetrical C-C stretching vibration 
attached to C15-C16 was experimentally assigned 
to 1478 cm-1, whereas the B3LYP, M06, and 
mPW1PW91 with 6-31+G(d) and 6-31++G(d.p) 
basis sets gave 1463, 1455, 1517, 1510, 1487, 
and 1475 cm-1,, respectively.  
To make general comparison with 
experimental values, we obtained the correlation 
graphics, from which the correlation factors (R2) 
of computational and experimental frequencies 
are found to be 0.988, 0.983, 0.974, 0.970, 0.979, 
and 0.975, at B3LYP, M06, and mPW1PW91 
methods with the 6-31+G(d) and 6-31++G(d.p), 
respectively. Hence, the results of B3LYP 
method with the 6-31+G(d) basis set give the best 
fit with experimental values. 
Generally, the theoretical frequencies are 
slightly higher than the observed values for the 
majority of the normal modes. Two factors may 
be responsible for the discrepancies between the 
experimental and calculated spectra of sideroxol. 
The first is explained by the environment and the 
second reason for these discrepancies is the fact 
that the experimental value is an anharmonic 
frequency in the solid phase while the calculated 
value is a harmonic one in the gaseous phase 
[28]. 
NMR spectroscopy constitutes an 
extremely useful tool for the determination of 
molecular electronic structure and structural 
information [29]. Recently, the comparison of 
theoretical NMR parameters with the respective 
experimental data for organic molecules 
extracted from aromatic and medicinal plants has 
also become a common practice for the 
determination of the correct arrangement of 
atoms in a molecule [18,30]. It is reported that 
there are very good correlations between 
experimental and theoretical magnetic properties 
(NMR nuclear shielding and spin-spin coupling 
constants), which are obtained with the GIAO 
approach by using ab-initio and DFT 
calculations. The comparisons between 
calculated and experimental values of NMR 
chemical shifts can be used to predict the extent 
of the agreement of the predicted geometric 
structure with respect to the real structure of 
molecule. Hence, the theoretical methods, such 
as the density functional theory (DFT) method 
have become the dominant computational tools 
for dealing with natural organic molecules [31]. 
The GIAO 1H- and 13C-NMR chemical shift 
values (with respect to TMS) have been 
calculated using DFT methods with 6-31+G(d) 
and 6-31++G(d.p) basis sets in the gaseous 
phase. The results are reported in Tables 3 and 4. 
Experimental DEPT spectrum of sideroxol was 
also shown in Figure 4. The correlation values of 
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experimental and theoretical 1H- and 13C-NMR 
chemical shifts are found to be 0.769 and 0.973 
for the B3LYP/6-31+G(d), 0.813 and 0.967 for 
the B3LYP/6-31++G(d.p), 0.901 and 0.857 for 
the M06/6-31+G(d), 0.879 and 0.952 for the 
M06/6-31++G(d.p), 0.863 and 0.942 for the 
mPW1PW91/6-31+G(d), 0.794 and 0.928 for the 
mPW1PW91/6-31++G(d.p). Therefore, the M06 
and B3LYP methods with 6-31+G(d) basis set 
have shown a better fit with experimental data 
than other DFT methods in evaluating 1H and  
13C chemical shifts, respectively.  
 
Table 3. Experimental and calculated 1H-NMR chemical shifts (GIAO method) of sideroxol 
   calc. (ppm) 
Atom  exp. 
(ppm)        B3LYP           M06            mPW1PW91 
  6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 
H1a  1.74 2.07 1.66 2.48 1.76 2.09 
H1b  0.87 1.10 0.61 0.82 0.82 1.09 
H2a  1.51 1.95 1.04 1.45 1.49 1.93 
H2b  1.25 1.65 1.00 1.37 1.22 1.63 
H3a  0.99 1.32 1.28 1.61 1.84 2.10 
H3b  1.89 2.16 1.79 1.12 1.01 1.32 
H5  2.12 2.51 1.82 1.93 2.04 2.39 
H6a  1.53 1.97 1.49 1.90 1.44 2.94 
H6b  1.45 1.84 1.62 1.98 1.48 1.84 
H7 4.79 3.83 4.19 3.95 4.07 3.73 4.10 
H9  1.65 2.02 1.24 1.70 1.59 1.90 
H11a  1.27 1.64 1.11 1.54 1.24 1.65 
H11b  1.53 1.88 1.33 1.85 1.45 1.80 
H12a  1.50 1.77 1.10 1.01 1.48 1.78 
H12b  1.50 1.87 1.32 1.49 1.50 1.82 
H13  1.86 2.32 1.45 1.46 1.80 2.28 
H14a  1.07 1.39 0.97 1.09 1.07 1.38 
H14b  1.12 1.47 1.01 1.45 1.09 1.50 
H15  3.13 3.56 2.60 3.17 3.03 3.44 
H17a 1.40 1.45 1.84 0.97 1.55 1.42 1.82 
H17b 1.40 1.51 2.09 1.25 1.65 1.44 1.94 
H17c 1.40 0.70 1.11 0.50 0.73 0.69 1.09 
H18a 2.96 2.90 3.32 2.61 3.09 2.89 3.30 
H18b 3.49 3.47 4.03 2.85 3.43 3.42 3.97 
H19a 1.04 -0.08 0.24 -0.01 0.53 -0.09 0.23 
H19b 1.04 0.54 0.98 0.54 1.12 0.59 1.02 
H19c 1.04 0.97 1.48 0.93 1.45 0.96 1.50 
H20a 0.69 0.97 1.32 0.80 1.07 0.93 1.35 
H20b 0.69 1.92 1.40 0.93 1.18 0.99 1.46 
H20c 0.69 0.76 0.99 0.62 0.88 0.80 1.09 
OH7  1.11 1.35 1.02 1.15 1.23 1.60 
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Table 4. Experimental and calculated 13C-NMR chemical shifts (GIAO method) of sideroxol 
   calc. (ppm) 
Atom  exp. 
(ppm)        B3LYP           M06           mPW1PW91 
  6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 6-31+G(d) 6-31++G(d.p) 
C1 40.29 34.59 33.86 34.09 34.45 29.23 28.25 
C2 17.76 14.03 12.66 14.48 12.53 8.24 7.06 
C3 35.63 29.83 28.29 31.90 29.30 24.48 23.06 
C4 36.27 32.59 32.90 29.89 30.84 24.81 25.34 
C5 39.28 31.34 30.35 31.64 30.84 24.54 23.58 
C6 26.91 20.75 19.06 21.75 20.14 15.43 14.47 
C7 71.31 65.63 63.56 63.76 61.87 58.53 56.23 
C8 46.10 44.25 44.20 44.33 46.45 36.57 35.77 
C9 46.09 40.20 38.35 40.16 40.27 33.69 32.23 
C10 39.47 35.08 34.30 32.47 32.50 27.04 26.31 
C11 18.07 14.40 12.87 13.51 10.17 8.55 7.06 
C12 27.56 23.09 21.70 23.09 21.17 17.34 13.36 
C13 39.47 36.01 33.09 32.31 37.17 29.44 26.73 
C14 31.36 26.59 26.11 26.12 21.66 20.83 20.04 
C15 63.77 56.78 55.50 57.52 55.71 49.76 48.89 
C16 71.23 53.77 54.20 50.47 51.11 46.71 47.12 
C17 14.10 8.29 6.34 11.94 10.30 3.71 1.93 
C18 71.23 62.99 61.75 66.56 65.63 56.98 56.12 
C19 17.15 10.72 8.77 15.05 12.98 6.27 4.51 




Figure 4. Experimental DEPT spectrum of sideroxol  
 
The experimental signal at 4.79 ppm is 
also assigned to H atom attached to the C7 atom. 
The theoretical one is found to be 3.83 ppm at 
B3LYP/6-31+G(d), 4.19 ppm at B3LYP/6-
31++G(d.p), 3.95 ppm at M06/6-31+G(d), 4.07 
ppm at M06/6-31++G(d.p), 3.73 ppm at 
mPW1PW91/6-31+G(d), and 4.10 ppm at 
mPW1PW91/6-31++G(d.p). The signals in the 
upfield corresponding to nine protons (1.40, 
1.04, and 0.69 ppm) are easily assigned to the 
equivalent protons of the three methyl groups 
(C17H3, C19H3, and C20H3). Their calculated 1H-
NMR values are determined to be around 0.50-
2.09 ppm for the C17H3, -0.09-1.50 ppm for the 
C19H3, and 0.62-1.92 ppm for the C20H3 with 
various DFT levels. Tables 3 and 4 apparently 
show that calculated DFT data for sideroxol are 
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almost compatible with the experimental 
chemical shifts. Especially the B3LYP method 
shows a better agreement with experimental 13C-
NMR shift observation than other DFT levels 
used herein.  
Frontier molecular orbital analysis 
Frontier molecular orbital (FMO) theory 
in chemistry is an application of MO theory 
describing highest occupied MO (HOMO) and 
lowest unoccupied MO (LUMO) interactions 
that play an important role in the electric, optical 
and other properties, and chemical reactions [32]. 
Therefore, the highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular 
orbital (LUMO) were also investigated at the 
B3LYP/6-31++G(d.p) level (Figure 5). 
According to Koopman theorem [33], the 
HOMO energy is identical to the minus 
ionization potential when the orbital relaxation is 
neglected. The LUMO energy corresponds to the 
minus electron affinity. The HOMO-LUMO 
energy gap also explains the concluding charge 
transfer interaction within the molecule and is 
useful in determining molecular electrical 
transport properties. The HOMO–LUMO energy 
gap was calculated to be 6.1299 eV for sideroxol. 
The high value of the band gap was indicative of 
the stability of the compounds towards oxidation 
and reduction. A molecule with a high energy 
gap has low chemical reactivity and high kinetic 
stability, because it is energetically unfavorable 
to add an electron to the high-lying LUMO or to 
remove electrons from the low-lying HOMO 
[34]. The HOMOs are mainly located on the 
epoxide moieties, whereas LUMOs are 
substantially localized on the C18 atom, which is 
attached to hydroxyl group. 
 
HOMO (-6.6782 eV) 
 
LUMO (-0.5483 eV) 
Figure 5. HOMO and LUMO of sideroxol  
 
Conclusions 
In the current work, sideroxol has been 
isolated initially from Sideritis Stricta. and 
characterized as one of the chemical constituents 
of the traditionally used medicinal plant, based 
on detailed spectral studies including FT-IR, 1H- 
and 13C-NMR spectroscopy. Theoretical studies 
on the molecular structure (bond length. bond 
angle. dihedral angle), vibrational frequencies, 
chemical shifts, and electronic features of 
sideroxol have also been performed employing 
B3LYP, M06, and mPW1PW91 theories with 
both 6-31+G(d) and 6-31++G(d.p) basis sets. 
The FT-IR spectrum has been interpreted 
using vibrational spectroscopic analysis. The 
calculated vibrational frequencies are found to be 
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in good agreement with the experimental values. 
In detail, experimental fundamentals are found to 
have slightly a better correlation for the 
B3LYP/6-31+G(d) level than other ones. 
Proton and carbon nuclear magnetic 
resonance spectra (using GIAO method) are also 
found to be in good agreement with the 
experimental data. Results of the B3LYP theory 
with 6-31+G(d) basis set have shown a better fit 
with experimental data than other methods in 
evaluating 13C-NMR chemical shifts. Moreover, 
the line of best fit, an output of regression 
analysis, between the calculated and the 
experimental 1H-NMR chemical shifts has been 
defined by the M06/6-31+G(d) method. 
The HOMO-LUMO gap value is 
computed to be 6.1299 eV for sideroxol. The 
HOMO represents the ability to donate an 
electron, whereas the LUMO acts for the ability 
to accept an electron. The calculated HOMO and 
LUMO energies can state that charge transfer 
occurs within the molecule. 
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